We propose a model of a confining dark sector, dark technicolor, that communicates with the Standard Model through the Higgs portal. In this model electroweak symmetry breaking and dark matter share a common origin, and the electroweak scale is generated dynamically. Our motivation to suggest this model is the absense of evidence for new physics from recent LHC data. Although the conclusion is far from certain at this point, this lack of evidence may suggest that no mechanism exists at the electroweak scale to stabilise the Higgs mass against radiative corrections from UV physics. The usual reaction to this puzzling situation is to conclude that the stabilising new physics is either hidden from us by accident, or that it appears at energies that are currently inaccessible, such that nature is indeed fine-tuned. In order to re-examine the arguments that have lead to this dichotomy, we review the concept of naturalness in effective field theories, discussing in particular the role of quadratic divergences in relation to different energy scales. This leads us to suggest classical scale invariance as a guidline for model building, implying that explicit mass scales are absent in the underlying theory.
I. INTRODUCTION
The discovery [1, 2] of a Higgs boson [3] [4] [5] [6] at the LHC proves experimentally that scalars play a fundamental role in particle physics. The global fits to the ATLAS and CMS Higgs data, about 25/fb per experiment, and to the Tevatron final Higgs results constrain the Higgs boson couplings to agree with standard model (SM) predictions within remarkable O(20%) precision [7] [8] [9] [10] [11] . New physics beyond the SM in the Higgs sector can only be a small perturbation around the SM. This result agrees with the ATLAS and CMS null results in searches for supersymmetry and for any other new physics (compositeness, extra dimensions, extended gauge sectors etc)-and also with the experimental results from flavour physics and electroweak precision data-that all indicate no new physics beyond the SM. At the same time, the existence of cold dark matter (DM) [12] and neutrino oscillations [13] provides firm evidence for the existence of new physics beyond the SM. In the light of the LHC, this coexistence becomes increasingly difficult to explain within the usual new physics scenarios that have been dominating the model building landscape. In particular, the question of naturalness, i.e., why the electroweak (EW) scale exists and what stabilises it against radiative corrections from high scale physics, remains unanswered.
The hierarchy problem is often simplified as a problem of quadratic divergences. This is a convenient shorthand, but misses the real physical content of the issue. We therefore start our discussion by discussing "physical naturalness", which is is independent of specific regularisation schemes. Mixing of operators due to renormalisation, including mixing of scales, implies that large radiative corrections to the Higgs mass may occur. In perturbation theory, such mixing originates from physical particles with masses at the UV scale that are coupled to IR physics. All quadratic divergences occurring in cutoff regularisation need to be related to such physical mass scales.
For a long time, an extension of the group of spacetime symmetries in the form of broken supersymmetry has played a central role in the development of models for physics beyond the SM. Supersymmetry has several desirable features, the most important of which is perhaps the stabilisation of the Higgs mass and the EW scale against radiative corrections. However, realistic models of natural electroweak symmetry breaking based on supersymmetry require the existence of superpartners of the SM particles at or below the TeV scale, none of which have been experimentally observed. It is intriguing to contemplate instead another extension of space-time symmetries, namely classical conformal symmetry broken down to the Lorentz group by quantum corrections.
According to this paradigm the SM Higgs appears light due to a perturbation of the underlying classical scale invariance as proposed by Bardeen [15] , which otherwise would prohibit any mass scales. The idea of classical scale invariance is not new. Already in 1973 Coleman and Weinberg [16] presented a dynamical mechanism of electroweak symmetry breaking that is based on classical scale invariance. Similarly, the framework of technicolor [17] relies on generating scales from strong dynamics in asymptotically free theories such as QCD. In this work we take this idea one step further and assume that classical scale invariance is a fundamental property of nature. This principle is similar in essence to the properties of homogeneity and isotropy in cosmology, which are also ultimately broken by quantum fluctuations.
Classical scale invariance by itself does not solve the hierachy problem, but can be regarded as a guideline for model building, which restricts the space of Lagrangians to contain only operators with dimensionless coupling constants. The hierachy problem then manifests itself as the absence of couplings between the Higgs and other energy scales that are dynamically generated in the UV. However, it is possible to contemplate that such UV physics is protected by symmetries from coupling to the Higgs [18] .
We illustrate the consequences for model building by constructing a model -dark technicolor-in which a new scale is dynamically generated by strong dynamics in a dark sector 1 . We discuss different realisations for creating the dynamical scale Λ TC in the dark sector: it can arise similarly as in QCD by new physics operating at Λ TC , or by quasiconformal dynamics operating at a scale Λ UV Λ TC leading to an emergent infrared scale Λ IR as a low energy mirage. This dark scale, then, triggers the EW phase transition via a Higgs portal coupling between the dark sector fields and the SM Higgs field. The model explains the existence of cold DM in the Universe with suppressed direct couplings to the SM quarks and leptons. A dark sector model which leads to EW symmetry breaking via Coleman-Weinberg mechanism has been proposed in Ref. [20] [21] [22] .
The structure of this paper is the following: In section II we discuss the physical meaning of the naturalness/hierarchy problem and introduce the concept of physical naturalness. In section III we discuss the naturalness of the SM and its extensions under approximate scale invariance. In section IV we present an explicit model example, and we conclude in section V.
II. NATURALNESS -GENERAL CONSIDERATIONS
If naturalness should discriminate between different models in particle physics, then the hierarchy problem (i.e. the stabilisation of the electroweak scale from radiative corrections) must be interpreted as a physical phenomenon. This is what we call "physical naturalness". If a UV scale is not associated with particles or if those do not couple to the SM in any way, physically measurable contributions to the Higgs mass cannot be generated perturbatively. In particular, the quadratic divergences [17, 23, 24] proportional to the cut-off scale Λ in cutoff regularization schemes are unphysical in the absence of new particles coupled at this scale [15, 20, [25] [26] [27] [28] [29] [30] . In a single scale theory like the SM Higgs sector, such renormalisation scheme dependent contributions should be subtracted from unphysical bare parameters of the Lagrangian together with the infinities appearing in renormalisation [26] [27] [28] [29] . This is manifest in dimensional regularisation, and physical observables should be schemeindependent.
1 A similar construction has been presented in [19] .
A. The standard model
The SM is a renormalisable quantum field theory with one explicit mass scale given by the Higgs mass term −µ 2 in the scalar potential
where H is the Higgs doublet and λ is its quartic selfcoupling. All parameters of the SM, including the ones in (1), depend logarithmically on the energy scale at which they are determined. In principle, this dependence is completely determined by renormalisation group (RG) running that introduces no new mass scale to the model 2 . In the limit µ 2 → 0 the SM becomes classically conformal. Classical conformality is broken at loop level by the running of the gauge, Yukawa and Higgs quartic couplings. However, in the SM the RG evolution of µ 2 is proportional to itself, and if one sets as an ultraviolet boundary condition that µ 2 = 0, then nonzero µ 2 is not generated in the infrared by the SM couplings 3 . Furthermore, due to scale invariance at high energies, there would not be large radiative corrections to the Higgs mass from the new physics. Simply put, since µ is the only scale in the theory, it follows by dimensional analysis that any radiative correction that has units of mass must be proportional to µ.
By physical naturalness, the SM in isolation is therefore a natural theory in the sense that large radiative corrections to the Higgs mass are absent. While being natural, the SM is not a satisfactory theory of fundamental physics as the origin of the EW scale, and the absence of non-renormalisable operators remains unexplained.
B. Physics beyond the standard model
The situation is of course different in models where physical mass scales do appear at high energies. If the SM Higgs couples directly to heavy particles with mass M at that scale, the renormalised Higgs mass parameter is proportional to the heavy particle mass and depends logarithmically on the renormalisation scale
where g is the coupling constant that induces the scale mixing and µ is the renormalisation scale at which the Higgs mass is measured. The Higgs mass easily receives contributions determined by the high scale alone, even if the new physics operating at high scales is not charged under the SM interactions. This is because the Higgs can couple with scalars S i via
independently of the quantum numbers of S i . If the new scalars get vacuum expectation values (vevs), S i = V i , new contributions to the Higgs mass are generated at tree level. If S i = 0, the SM Higgs mass gets one loop contributions of the order of
, where M i is the mass of the scalar S i . These contributions have nothing to do with EW symmetry breaking.
A prototypical example is a conventional grand unified theory (GUT) [31] based on an SU (5) or SO(10) gauge group that is broken to the SM gauge group by a GUT-scale Higgs mechanism. Since the SM Higgs has direct couplings to the heavy gauge and scalar bosons with GUT scale masses, large contributions of the form (2) to the SM Higgs mass are generated at one loop. The naturalness problem in this example is so extensive that supersymmetrising the theory seems to be the most economical way to solve the problem. However, the logical possibility remains that there is no GUT and the quantum numbers of the SM particles or any other hints of a GUT model are simply coincidences. This possibility might be theoretically unappealing, but we have to note that it is in perfect agreement with the experimental nonobservation of proton decay. Alternatively, the absence of direct couplings between GUT scale particles and the Standard Model can be explained using extra dimensions [32, 33] .
Another example is provided by right-handed singlet neutrinos N i that couple to the SM via
where L i are lepton doublets and i, j denote generations. If the SM Higgs gets a vev, Dirac masses for the SM neutrinos are generated. If the the right-handed neutrinos have large Majorana masses M iN c i N i , the smallness of the SM neutrino masses is explained via the seesaw mechanism [34] and the baryon asymmetry of the Universe is generated via leptogenesis [35] . The large Majorana mass M also generates one loop corrections to the SM Higgs
. Knowing the neutrino mass scale ∆m 2 atm ∼ 0.05 eV, and requiring the new mass contribution not to exceed 100 GeV, the Majorana neutrino mass scale must satisfy M < 10 7 GeV. This scale allows for resonant leptogenesis [36, 37] with M i ≈ M j . Alternatively, the SM neutrinos can be Dirac particles. In this case their lightness requires very small Yukawa couplings Y . In the absence of a theory of flavour, this is a phenomenologically viable scenario as well.
Besides the hypothetical scales associated with the new physics scenarios described above, that may or may not exist, there are two physically defined scales well above the EW scale that are known to exist in some form: the Planck scale and the Landau pole of the U (1) hypercharge of the SM. If these scales are associated with heavy particles or phase transitions, it is likely that they should induce radiative corrections to the low scale physics and thus create the hierarchy problem. In this paper we will work under the assumption that this is not the case.
To justify this assumption, we will shortly discuss both gravity and the Landau pole. First of all, while there are good reasons to believe that classical gravity should be taken over by a quantum theory at or below the Planck scale, there are also reasons to believe that this theory might be very different from the quantum field theories known to us. The Weinberg-Witten theorem [38] states that a massless spin two particle can not exist in a renormalisable Lorentz invariant theory. Also the experimental evidence seems to suggest that gravity is decoupled from particle physics: the smallness of the cosmological constant suggests that gravity does not feel the presence of vacuum expectation values of quantum fields, and the smallness of the Higgs mass suggests that the quantum fields do not feel the presence of the scale of gravity. Thus it is plausible that the UV theory of gravity does not influence low energy physics. As a proof of concept a class of gravity theories has been constructed [39] in 2D that can not be described by a local Lagrangian, and that do not introduce radiative corrections to the low energy particle physics observables.
Assuming that gravity does not notably influence particle physics, the perturbative description of the SM finally breaks down as the U (1) coupling runs to the Landau pole at ∼ 10 40 GeV. What happens at this scale is not known, but here we will simply assume that the Landau pole signals a smooth transition into a nonperturbative phase of the theory, that does not introduce an explicit violation of scale invariance and does not radiatively affect the low energy observables. Another possible scenario is that the unknown theory of gravity, while decoupled from low energy observables, alters the running of the SM couplings at high energies and that the SM thus avoids the Landau pole. Since the physics above the Planck scale is currently completely unknown, we will not go any deeper in trying to understand what physics may or may not take place in the far UV, but simply assume that whaterver it is, it does not notably influence low energy physics.
III. RENORMALIZABILITY AND CLASSICAL SCALE INVARIANCE
In this section we will further clarify the role of classical scale invariance in our thinking. It is worth emphasising again that purely classical scale invariance does not protect IR physics against radiative corrections, if scale invariance is broken by quantum effects in the UV. However, we will find that it can act as a useful guideline for model building. We start this section by reviewing the Wilsonian understanding of effective field theories.
A. Renormalizability of effective field theories
In the Wilsonian approach renormalisability is seen as a consequence of the scaling of operators: the Lagrangian is written as a sum of local operators
and defined on a sphere in Euclidean momentum space with radius M . To re-define the theory at a lower momentum scale M = M/N , one first integrates out the high-energy modes of the fields in the operators O i with Euclidean momenta larger than M/N . After this, the radius of validity is rescaled back to a sphere of radius M . This rescaling leads to the new operator coefficients
The non-renormalisable operators with mass-dimension d > 4 have a negative power-law dependence on the renormalization scale, and therefore are naturally absent in the low energy theory. Similarly the superrenormalisable operators with mass-dimension d < 4, such as the mass term of a scalar field, have a positive power-law dependence on the renormalization scale, and therefore the appearance of such terms with a coefficient that is much smaller than the cut-off scale is seen as unnatural.
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To summarize, the generic prediction from effective field theories is that: Regarding the Standard Model as an effective field theory in the Wilsonian sense then leads to the well-known choices: Either the cutoff scale is given by the scale of the only relevant operator in the theory (the Higgs mass) at which new physics such as SUSY has to appear. In this case we would generically expect e.g. rapid proton decay from dimension 6 (and higher) operators supressed only by the low new physics scale. Avoiding this requires a conspiracy of nature to hide this cutoff scale from our experimental searches (such as R-parity to avoid proton decay).
On the other hand, the cutoff scale could be much larger than the EW scale such that any higher order operators are naturally absent. But then it can not be explained why the Higgs mass is so much smaller than this scale, and nature would be extremely fine-tuned.
This dichotomy seems to suggest that the Wilsonian picture can not be sucessfully applied to the Standard Model. But how else can we explain the size of the Higgs mass and the absence of higher order operators?
B. Classical scale invariance
Taking the Standard Model at face value, we see that it contains only massless coupling constants, with the single exception of the Higgs mass parameter. Despite decades of precision flavour physics, no evidence for any non-renormalisable interactions of Standard Model fields has been found, and the absence of proton decay suggests that there are no generic higher order operators up to the scale of 10 16 GeV. But why should nature only allow renormalisable interactions to exist at the fundamental level, if we disregard the Wilsonian effective field theory explanation? We suggest that the answer may be the underlying classical scale invariance. If we demand that the fundamental theory is scale invariant at the classical level, then (in four dimensions) only operators of mass-dimension d = 4 are allowed. Any operator of dimension d = 4 must have a dimensionful coupling constant which sets a unique scale in the theory and breaks the classical scale invariance. Thus we will now explore the possibility that classical scale invariance is a fundamental property of nature.
This property is in essence similar to the invariance of physics of the chosen reference frame or to the Copernican principle in cosmology, which states that no point in space is unique. We now extend these symmetries by demanding that also no momentum scale is unique in the classical level. In cosmology, the universe is not isotropic and homogeneous at small scales, because quantum fluctuations have generated structure, and thus different points in space have different properties. Similarly the interactions of particles look different at different energy scales, because quantum effects break the tree-level scale invariance and generate the running of the coupling constants. Quantum effects can also generate special mass scales, such as Λ QCD , and effective operators of dimension d = 4, but all this is a result of the dynamics of the theory. At the classical level the theory is still scale invariant and no momentum scale is set by hand to have a special meaning.
This approach gives us a clear understanding of renor-malisability. Fundamental quantum field theories are renormalisable because only renormalisable operators can be embedded in a classically scale invariant theory. It also alters our interpretation of the naturalness problem. The Higgs mass term is unnatural, not because it is small or not protected by symmetries, but because its origin is not explained. If classical level scale invariance is a fundamental property of nature, then this operator can not exist in a fundamental theory. Therefore the SM must be expanded with a mechanism to generate this term dynamically.
IV. AN EXPLICIT MODEL: EW SYMMETRY BREAKING FROM DARK TECHNICOLOR
As we have discussed, according to physical naturalness the existence of the electroweak scale necessitates the existence of new physics. As a concrete example we take the Higgs field as a fundamental scalar with only quartic interactions. The quadratic term, and hence also the electroweak scale, is generated by dynamical symmetry breaking occurring in the dark sector and transmitted to the visible sector via the Higgs portal term, (3) . As an additional motivation, the model also allows for novel dark matter candidates.
The most minimal such extension of the SM is obtained by adding one singlet scalar S to the theory. Imposing additional Z 2 [42] [43] [44] or Z 3 [45] symmetry then allows for scalar DM. The interpretation of the imposed discrete symmetries is as a matter parity that is a remnant of a gauged B − L [46, 47] . Adding the singlet to the SM also improves Higgs phenomenology. In the SM the Higgs quartic coupling runs negative at scale 10 12 GeV [48-50] destabilising the vacuum. The singlet coupling to the Higgs boson given in (3), λ S |S| 2 |H| 2 , is always allowed independently of the internal quantum numbers of the singlet, and its contribution to the RG equation of λ is always positive improving the vacuum stability via RG running. Alternatively, if the singlet gets a vev, the measured Higgs mass implies larger Higgs quartic coupling than in the SM, improving the vacuum stability at the tree level 5 [51, 52] . However, this simplest scenario fails to explain electroweak symmetry breaking. Realistic dynamical EW symmetry breaking a la Coleman-Weinberg in the singlet scalar model requires N ≥ 12 singlets with couplings λ S > 1 to overcome large top contributions with the wrong sign [21, 53, 54] . If such a strongly coupled 5 However, one should note that the question of vacuum stability is more complicated in the presence of several scalar fields than in the SM. In this kind of models the full scalar potential, which has to be bounded from below for vacuum stability, is a function of several couplings. Thus one has to calculate the RG evolution of all the couplings to ensure that the potential is bounded from below at all scales.
S i is the DM candidate, this scenario is in conflict with DM direct detection searches [50] . A Coleman-Weinberg mechanism via a Higgs portal can be made to work in extended models [55] [56] [57] [58] [59] .
A. The dark technicolor model
In this section we work with the minimal singlet extension of the SM, and propose a framework consisting of two sectors: the visible SM sector respecting classical conformal symmetry and the dark sector consisting of SM singlet matter fields, Q, interacting via a new strong force, dark technicolor.
We start with a scale invariant SM Higgs sector, i.e. the potential for the Higgs field H is
and H is assumed to be a fundamental scalar field. We assume that scale breaking originates from the dynamics of a non-trivial dark sector that manifests itself via the existence of DM. The dynamical symmetry breaking in the dark sector is transmitted to the visible sector via the Higgs portal (3). The relevant part of the Lagrangian is
.). (8)
Here the covariant derivatives operating on the SM Higgs and the dark techniquarks, respectively, contain the SM and dark technicolor gauge fields. The dark technicolor field strength is denoted by F µν , and we omitted the SM contributions beyond the Higgs sector as well as the Yukawa couplings of the Higgs to SM matter fields. A similar setup of two sectors was used in [20] [21] [22] to generate dynamical EW symmetry breaking from a dark Coleman-Weinberg mechanism. A model that is similar to our proposal was presented in [19] , based on two flavor QCD-like theory in the hidden sector. In the following we will investigate a broader range of possibilities for the dark technicolor dynamics. We assume that at strong coupling, spontaneous chiral symmetry breaking happens in the dark technicolor sector analogously to QCD, and leads to the dynamical generation of a scale Λ TC . Depending on the fermion representation, the possible global symmetry breaking patterns are
This has important consequences for the dark matter candidates: The Goldstone bosons associated with the above symmetry breaking pattern will become pseudoGoldstones due to the assumed coupling with the Higgs portal. In the case of complex representations, all of these approximate Goldstones areQQ-states, and due to the hidden sector flavor symmetry the lightest Goldstone is stable and becomes a dark matter candidate. The new matter fields allow for a U(1) dark symmetry, analogous to ordinary baryon number, which will protect the lightest state carrying a nonzero charge under this symmetry. For complex representations those states are heavy in comparison to the pseudo-Goldstone bosons. An appealing feature of (pseudo)real representations is that the pseudo-Goldstones are QQ-states and can carry also nonzero U(1) dark charge. Hence, some of the Goldstone bosons of the spontaneously broken global symmetry are also dark baryons. The lightest of these is a natural dark matter candidate.
As a concrete example we take N f = 2 in the adjoint representation 6 . Then the global symmetry breaking pattern is SU(4)→ SO(4) and the number of Goldstones is nine. If the number of dark colours is sufficiently large, then the theory is QCD-like, i.e. far below the conformal window e.g. N > 4. [60, 61] . In this case, we can apply our established intuition about the features of the dark sector. In particular, it also imposes that the associated energy scale Λ TC cannot be too far above the EW scale if it is to source the EW scale of the SM. Consequently, there are no large radiative corrections to Λ TC and hence, no large radiative corrections to the EW scale.
However, there is no need for the dark sector to be QCD like. If we suppose that the underlying theory is N f = 2 fermions in the adjoint representation of SU (2) or SU (3), then there is growing evidence from lattice simulations that this theory has an infrared fixed point, see e.g. [62] [63] [64] [65] [66] . Note that these results apply only to strongly interacting theory in isolation. In our case the dark techniquarks have a Yukawa coupling with the singlet field S. The standard analysis of Schwinger-Dyson equation in the ladder approximation [67] shows that in the presence of nonzero Yukawa coupling y Q the critical coupling for the formation of dark techniquark condensate, α c , decreases with respect to its value at y Q = 0. This in turn implies that the theory which at y Q = 0 is observed (say, on the lattice) to be inside the conformal window may break chiral symmetry and hence move outside the conformal window when nonzero Yukawa coupling is turned on. Such theory, under the RG evolution from the UV towards IR feels the presence of the fixed point, but is ultimately repelled away from it leading to the development of an infrared scale Λ IR . This situation of quasi-conformality is known as walking. In light of our model, it implies that the dynamical interactions of the theory occur at very high scales, Λ UV , where the theory flows towards the fixed point.
In relation to our earlier notation Λ TC = Λ IR . The low energy phenomenology, coupling to the portal scalar and through that to the SM Higgs, proceeds as in the case considered earlier. The essential difference is that now approximate scale invariance-walking-guarantees that there are no large radiative corrections to Λ TC even if the new physics operates at very high scales, Λ UV Λ IR . Consequently, there are no large corrections to the EW scale.
Therefore, we have two possibilities underlying the dark sector: First, all new physics occurs at the scale Λ TC ∼ Λ IR such that Λ IR /v weak ∼ 10 . . . 10 4 . Second, new physics is governed by a quasi stable fixed point at scale Λ UV v weak . However, the RG evolution is driven away from the vicinity of this fixed point by the formation of the chiral condensate above the scale Λ UV , but leading to a dynamically generated infrared scale Λ IR ∼ Λ TC . These two possibilities realize the general new physics scenarios we have discussed in previous sections.
B. Low energy phenomenology
In both cases considered above, the low energy dynamics of the strongly coupled dark sector is most conveniently treated in terms of the low energy degrees of freedom, i.e. the Goldstones. Using a linear representation, the potential of the low energy effective theory for the dark sector is
where M is the dark meson matrix. Explicitly, we write
where σ is a scalar field component that gets a vacuum expectation value σ = v σ and X a are the broken generators of the symmetry breaking pattern SU (4) → SO(4). The fields σ a are the scalar partners of the pseudoscalars π a , and their presence is required to realize the global symmetry linearly and to guarantee the transformation M → gM g T with g ∈SU(4). The matrix E in this case is
First, let us review how electroweak symmetry breaking arises in this model setting. For simplicity, we assume that the dark sector is connected to the visible sector via a singlet scalar S. As we have already discussed, this scalar couples to the Higgs, |S| 2 |H| 2 , while gauge invariance forbids any other renormalizable coupling. The Yukawa coupling between the scalar and the dark techniquarks also induces a direct coupling between the messenger field S and theQQ condensate; S Q Q ∼ Λ 3 TC S. The vacuum expectation values of the scalar field s and the scalar components h and σ of H and M are determined from the potential
where λ σ = (λ 1 + λ 2 )/4. Replacing first σ with its vev v σ ∼ Λ TC , the extremum conditions imply
where
. (15) The vev of the messenger field s is suppressed with respect to the dark technicolor scale by a factor of α ∼ g σ , where g σ is the effective coupling between the messenger and the composite fields induced by the Yukawa coupling SQQ. The vev of the Higgs field is suppressed by an additional factor of √ g h / √ λ h , where g h is the portal coupling constant which we assume to be small. Expanding in the small parameter g h the masses of the scalar states read
Here the subscript on the masses refers to the dominant component of the mass eigenstate, so that m σ is the mass of the scalar state that, after diagonalising the mass matrix, has the largest component of the composite field σ etc. The mixing pattern also follows the same hierarchical structure as the masses and vacuum expectation values of the fields; the mixing angle between σ and s is of the order of O(g 2 σ ), and the mixing between h and s is O(g
There is no direct mixing between σ and h. In addition to generating the electroweak scale from dynamical symmetry breaking in the dark sector, the model also provides DM candidates. As we have discussed, the properties of this WIMP are dependent on the fermion representation-and the associated symmetry breaking pattern-in the dark sector. In our case of N f = 2 dark techniquarks in the adjoint representation, three of the nine Goldstones are neutral under the baryon charge and the remaining six are baryons.
The dark technibaryon is produced in thermal equilibrium with the SM in the early universe, and the DM density then freezes out as usual for a thermal relic. The main annihilation channel of the (lightest) dark technipion π 0 is through the portal into SM Higgs bosons. With the notation introduced above, this implies the cross section
This will be modified by a small overall factor due to the mixing of the scalars, but this effect will be compensated for by the fact that due to mixing, dark technipions can also annihilate to SM particles via the direct coupling with h. To get a simple estimate, we use (16) to express v σ in terms of m s , and obtain
where we also definedm i ≡ m i /m π . Hence, the relevant parameters for the dark matter relic density are the portal coupling g h , the coupling α defined in (15) , the mass of the dark technipion m π and its relative magnitude with respect to m s and m h . As we have already discussed, the natural ordering of the masses in the scalar sector is
The pion mass originates from the explicit chiral symmetry breaking term y Q SQQ in (8), and is suppressed by the Yukawa coupling y Q of the dark techniquarks and by the coupling g σ from the scale set by v σ . Hence, we clearly have m 
We plot the experimentally allowed region, at 5σ confidence level, for the thermal relic abundance of the DM in figure 1 , for the choise of parameters g h α = 0.3 (green region), g h α = 0.1 (red region) and g h α = 0.01 (blue region). The mass of the messenger scalar is plotted on the x-axis, and the y-axis shows the deviation from the resonant anihilation region ∆m = m s − 2m π . If the portal coupling g h is very small, the correct relic density is reached only very close to the resonant region. If the coupling is larger, the allowed region is wider, but a large coupling would imply measurable deviations from the SM in the Higgs couplings due to the mixing with s, which in this case would not be very much suppressed. We will return to this point in a future work. Of course, having a dark sector offers a wider range of possibilities than a single WIMP candidate: there can be several different particles contributing to the observed dark matter abundance, and their relic densities can be either of thermal origin or created by an asymmetry similar to the ordinary baryon-antibaryon asymmetry. As explained above, there are two possible symmetries that can make dark matter candidates stable. First, there is a dark baryon number resulting from the global U (1) dark symmetry in the dark sector, which will protect the stability of the lightest state that carries baryon number. In case of a complex representation these states are heavy, of the order of the confinement scale, but in case of a (pseudo)real representation the lightest baryons are Goldstone bosons and hence light. This was the scenario investigated above. Second, if the dark sector contains several non-degenerate flavors, there will be an unbroken flavor symmetry protecting the lightest non flavor singlet state. In case of a complex representation this is the lightest stable particle, since the baryons are heavy. In case of a (pseudo)real representation, this state and the lightest baryon are both possible dark matter candidates and may both contribute to the dark matter abundance. A detailed investigation of the dark matter abundance and collider phenomenology of this model will be carried out in a future work.
V. DISCUSSION AND CONCLUSIONS
Over past decades the prevailing implication of naturalness for model building has been the cancellation of the quadratic sensitivity of the SM Higgs mass to UV physics. At the same time the LHC, flavor physics and electroweak precision results all indicate the absence of any new physics, which is however required by the observation of DM. The LHC Higgs data alone suggests that the SM is a consistent theory up to at least 10 12 GeV.
In the second part of this paper we have reviewed the hierachy problem as a problem of the coupling of scales. If any UV physics scale exists and couples to the Higgs, we would expect the Higgs mass to acquire corrections of the order of this UV mass scale. We have here assumed that no such UV mass scale exists. We then explored the consequences of this speculative assumption.
As a guideline for model building we have suggested classical scale invariance, which implies that all mass scales are ultimately generated by quantum effects. We have pointed out that classical scale invariance as a principle is analogous to the invariance of physics from the choice of a particular reference frame, or to the Copernican principle of cosmology that there are no preferred points in space. Consequently, any distinct scale of physics must then be generated by dynamical effects.
We have studied a scenario in which new physics exists at the TeV scale, not to stabilise the EW scale but to create it. Taking the existence of DM as an additional guiding principle, we proposed the existence of two sectors, the SM sector which is classically scale invariant, and the dark sector that we assumed to be a strongly coupled gauge theory. They are connected by the Higgs portal. We have presented an explicit model generating the negative SM Higgs mass term from dark sector singlets. The model can accommodate the observed amount of DM particles, which we identify with the lightest dark baryon. This theory can be tested via the Higgs portal coupling to the dark sector, which is predicted to be small. The dark technicolor model explains the origin of the electroweak scale and dark matter. However, open questions remain, such as the origin of the flavor structure and mass hierarchy of the SM fermions, that likely necessitate the existence of additional fields and dynamics. According to the paradigm of physical naturalness, any new particles related to such models must either be reasonably light, or there has to be a mechanism that protects the Higgs mass and the electroweak scale from radiative corrections due to couplings with these particles. Our proposal of physical naturalness suggests to search for a solution by embedding this new model as a whole in a classically conformal UV-theory.
